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In FSMAs, the ferromagnetic Weiss domains are magnetoelastically coupled to and superimposed upon the underlying martensite twins. This magnetoelastic coupling enables actuation by an applied magnetic field rather than the sluggish process of shape change by temperature.
1 In the present study, the relationship between the micromagnetic structure vis-à-vis martensite twins is studied as a function of temperature and applied field using Ni-Mn-Ga Heusler alloys.
Different off-stoichiometric ͑100͒ Ni 2ϩx Mn 1Ϫx Ga Heusler alloy single crystals were investigated. These alloys undergo a face-centered cubic ͑fcc͒ to face-centered tetragonal ͑fct͒ martensite phase transformation. 2 The critical transformation temperatures were measured by differential scanning calorimetery. The nature of the magnetization reversal as a function of temperature was investigated using the high resolution interference-contrast-colloid ͑ICC͒ technique, which is discussed in detail elsewhere. 3 In order to prevent freezing of the ͑water-based͒ ferrofluids, an oil-based ferrofluid was used, which remains stable from 70 to Ϫ35°C. The resolution of the ICC technique was measured at 0.4 -0.67 m down to lowest temperatures investigated in this study. The micromagnetic structure was obtained at cooling/heating rates between 0.1 and 1°C, which are well under the tens of Hz response of the quasistatic ICC technique. Prior to the experiments, the samples were polished followed by etching to remove the strained layer caused by polishing. The optical observations were made by placing the samples in a commercially available precision heating and cooling stage having an accuracy of Ϯ0.1°C. Figures 1͑a͒-1͑e͒ show the evolution of the micromagnetic structure in a Ni-Mn-Ga ͑100͒ single crystal on cooling and heating. The martensite start M s and finish M f temperatures for the sample were approximately Ϫ20 and Ϫ20.3°C, respectively, and the austenite start A s and finish A f temperatures were Ϫ14 and Ϫ13.7°C, respectively. Figure 1͑a͒ shows that above the M s temperature the fcc sample exists in a single magnetic domain within the field of view of the microscope. On approaching the M s temperature, the martensite transformation occurs by the motion of a single interface ͓shown by black arrows in Fig. 1͑b͔͒ that moves across the whole length of the sample. Figure 1͑b͒ shows the sample at a temperature in between the M s and M f temperatures, where the high temperature fcc phase can be seen on the right and the multitwinned fct martensite can be seen on the left-hand side. Also note the presence of Weiss domains running approximately normal to the twins. Figure 1͑c͒ shows the sample in the fully transformed state. In Fig. 1͑c͒ well defined 180°like magnetic domain walls can be clearly seen running normal to the martensite twins. The reverse transformation from tetragonal→cubic phase was found to be the reverse of the cubic→tetragonal transformation described above, and micrographs pertaining to the reverse transformation are shown in Figs. 1͑d͒-1͑e͒ .
Detailed investigations revealed that the 180°like magnetic domains in Fig. 1͑c͒ are in fact zigzag domain walls that conform to the oscillating direction of the tetragonal c axis from one twin to the other; the tetragonal c axis being the magnetic easy axis in the martensite phase. This is shown clearly in the micromagnetic structure in Fig. 2͑a͒ along with a schematic of the change in orientation of the c axis from one twin to another in Fig. 2͑b͒ . In other words, the magnetic structure of the transformed martensite phase can be consida͒ Author to whom correspondence should be addressed; electronic mail: hchopra@eng.buffalo.edu ered akin to a magnetic mosaic where the magnetic easy axis changes from one piece of the mosaic (a twin) to another. The micromagnetic structure is discussed in greater detail elsewhere. 4, 5 Since higher resolution beyond ϳ0.4-0.6 m is not possible using the ICC method, existence of finer domain structure within the zigzag domains could not be ascertained. For example, recent Lorentz TEM studies on NiMn-Ga show spacing of domains 300 nm apart, 6 whereas magnetic force microscopy show domain patterns on a similar length scale as in the present study. 7 In addition, complications may arise ͑and which we also experienced͒ when domains are observed along different crystallographic planes of the single crystals, and which required careful interpretation of the true domain structure within the volume of the crystal. Also note the development of a well defined periodicity of 25-30 m for the magnetic domains in Fig. 1͑c͒ . Detailed investigations show that the origin of this periodicity lies in the manner in which the martensite-austenite phases coexist across the habit plane during the transformation, 4 as is also shown schematically in Fig. 3 . Figure 3 shows that during the transformation ͑either during cooling or heating͒ the mar- tensite twins form a series of steps at the ͕101͖ habit plane, across which, they are conjoined to the high temperature cubic phase. These steps gives rise to uniformly spaced magnetic domain walls that terminate at the interface; domain walls terminating at the interface can be seen clearly in Fig.  1͑d͒ .
Another interesting micromagnetic feature was the formation of magnetic vortices at the martensite-austenite interface, as shown in Figs. 4͑a͒ and 4͑b͒. Figures 4͑a͒ and 4͑b͒ are low magnification micrographs during the reverse transformation from fct martensite to the fcc phase. Figure 4͑a͒ shows the martensite-austenite interface and the presence of semicircular magnetic vortices at the interface. The twins terminating at the interface cause the flux to penetrate the austenite phase, giving rise to the vortex-like structures in Fig. 4 . As the interface sweeps the surface of the sample, the magnetic vortices were found to constantly reconfigure, as shown in Fig. 4͑b͒ . It was found that eventually these vortices merge to form very large sized domains in the cubic phase, leading to a single domain state for the austenite phase.
In a previous article, it was shown that twins could be reoriented by an applied field. 8 In this study, the effect of applied field on twin structure and the micromagnetic structure was studied in further detail, as shown in Figs. 5͑a͒-5͑c͒ ; the direction of applied field in Figs. 5͑a͒-5͑c͒ is given in Fig. 5͑b͒. In Fig. 5͑a͒ , the sample is in the fully transformed state and the applied field is zero. In this state, Fig.  5͑a͒ shows that the sample consists of finely twinned martensite with magnetic domain walls extending over many twins. It was found that with progressively increasing field strength, the twins change their relative volume fraction, as seen clearly in Fig. 5͑b͒ , where the strength of the applied field is 1300 Oe. Figure 5͑c͒ shows that when the applied field is turned off, the twins reconfigure themselves to a state similar to that shown in Fig. 5͑a͒ . Also note that after the field is turned off, the magnetic domains again assume the configuration similar to that shown in Fig. 5͑a͒ . Our results also show that when the sample in the fully transformed state is swept in a magnetic field, the domain walls shown in Fig.  1͑c͒ regularly get pinned at the twin boundaries. This was confirmed by visual observations as well as by the acquisition of Barkhausen spectra. 4 In other words, the twin boundaries form the source of pinning for the domain wall, and contribute to the overall sample coercivity. 
